Abstract. CdSe nanostructures, including spherical Quantum Dots and elongated nanorods capped with trioctylphosphine oxide,1-Octadecanamine, Tetradecylphosphonic acid or ZnSe thin shell, have been synthesized with colloidal methods. Both UV-Vis absorption and photoluminescence spectra show that the prepared nanostructures exhibit a quantum confinement effect. X-ray absorption fine structure has been carried out on these nanostructures with different size, shape and capping molecules to evaluate the electronic features. X-ray Excited Optical Luminescence has also been used to investigate the local chemical environment of a site, which contributes to a particular luminescent band.
INTRODUCTION
CdSe nanostructures have a direct bandgap and exhibit size-tunable optical properties such as blue shifts in ultraviolet-visible (UV-Vis) absorption and photoluminescence (PL) as the size of the nanoparticle, or quantum dot (QD) decreases. This behavior results from confining the size of the QD to dimensions smaller than the radius of the exciton (10 nm) [1] . The confinement alters the energy band structure from bulk to molecular level (opening up the bandgap) and leads to a shift of the onset of absorption and PL spectra toward higher energy with decreasing QD size [2. Applications of these CdSe nanostructures in biological imaging, novel sensors and light emitting diodes are anticipated. However, reports concerning their electronic structure and its relation with capping agents, size or shape remain scarce. X-ray Absorption Near Edge Structures (XANES) and X-ray Excited Optical Luminescence (XEOL) techniques are ideally suited for the characterization of these materials. XANES probes the unoccupied electronic densities of states above the Fermi level as well as the local structure. XEOL is an X-ray photon-in, optical photonout technique that monitors the optical response of light emitting materials excited by the absorption of Xray photons. Upon X-ray excitation across an absorption edge of interest, XEOL can provide site and excitation channel specificity [3] .
In this work, the XANES and XEOL study of a series of CdSe nanostructures, including Quantum Dots (QDs) capped by trioctylphosphine oxide (TOPO) or 1-Octadecanamine (ODA) , Quantum Rods (QRs) capped by tetra-decylphosphonic acid (TDPA) (core structure) and coated structures by ZnSe thin shell (core/shell structure) is reported. The materials were prepared in our laboratories and were characterized by transmission electron microscopy (TEM), UV-Vis absorption and PL prior to XANES and XEOL studies to investigate the effect of size, shape and coating on the electronic structure and light emission from the CdSe nanostructures of interest.
Synthesis and Characterization of CdSe Nanostructures
CdSe QDs capped with TOPO or ODA, CdSe QRs capped with TDPA were synthesized according to procedures reported by Peng et al. [4, 5] . The QDs or QRs thus obtained were further coated by a thin layer of ZnSe following established procedures [6] .
All photoluminescence (PL) spectra were measured with a Spex Fluorolog 3-11 with an excitation wavelength of 370 nm and a slit width of 1 mm. Absorption spectra were acquired with a Varian Cary 100 spectrophotometer. High-resolution TEM images were obtained with a JEOL-2010 microscope.
XAFS and XEOL
The Se K-edge XANES of CdSe nanostructures were performed at the PNC-CAT BM line of the Advanced Photon Source (APS). XEOL from these materials were conducted at the Canadian Synchrotron Radiation Facility (CSRF) at the Synchrotron Radiation Center (SRC), University of WisconsinMadison, the Canadian Light Source (CLS) and the APS when a different photon energy was required. Specimens were prepared as purified samples deposited on an Al disk. The size of CdSe nanostructures under investigation is estimated by UV-Vis absorption peak position and confirmed by TEM. CdSe QDs capped by ODA are 2.7 nm in diameter. QDs capped by TOPO are 2.7 or 3.3 nm in diameter. QRs capped by TDPA are 3 and 10 nm in diameter and length, respectively. The core within the core/shell structure has nearly the same size as the core counterpart. Typical characterization of CdSe QRs by TEM and spectroscopy is shown in Fig.1 . The TEM image of the CdSe QRs in Fig. 1 (a) clearly reveals their elongated features with a uniform size of ~3 nm in diameter. The product is still a mixture of straight and branched or bent rods with a length of ~10 nm. HRTEM allows us to assign the highly crystalline QRs growth direction as Wurzite (0001), which is well documented [7] . UVvis absorption spectrum of QRs in CHCl 3 in Fig 1. (b) shows the following features: 1) absorption energy is blue-shifted by ~200 nm from the bulk energy gap of 720nm, which can be attributed to quantum confinement and 2) the sharp absorption peak indicates the size uniformity of the materials. Meanwhile PL in Fig. 1(b) shows: 1) efficient band gap luminescence centered at ~ 600 nm which is red shifted from absorption peak and 2) a sharp emission peak, confirming the high uniformity of the specimen. All QDs studied share most of these characteristics except the narrow energy distance between the absorption peak and luminescence peak. Core/Shell structure differs from core structure by showing clearly luminescence enhancement, which is the result of good surface passivation [6] . Fig. 2(a) are the Se K-edge XANES of core with TOPO (P=O based ligand, weak) capping and core/shell CdSe QDs. The inset shows that replacing TOPO with (ODA) capping (an amine based ligand) moves the Se K-edge white line to higher energy by 2 eV and exhibits more features. This result illustrates the surface sensitivity of XANES. It also exhibits that nanostructure is sensitive to the surface because of its large surface area to volume ratio. It should be noted that Se K-edge XANES of CdSe QDs probes the unoccupied p states of Se character in the conduction band, but we could not exclude the possible contribution of surface states existing in the forbidden band gap. Thus, other than the higher packing densities, the stronger metal-amine intercalation has to be considered. Interestingly, XANES of QDs Core/Shell structure in Fig. 2 (a) does not show any obvious difference from its core counterpart in terms of the white line features A and B, even though it is generally believed that the core/shell surface is passivated by ODA which is present during shell forming. We tentatively attribute this result to either surface capping by TOPO other than by ODA, efficient insulation of the CdSe core from the surrounding environment by a ZnSe thin shell or lattice effects. Another feature in all XANES spectra in Fig. 2 (a) is the almost invariant peak B, which could be assigned to a transition from oxidized Se as was previously observed in CdS [8] . The identical peak position and intensity for materials in the bulk and nano domains suggest they have similar surface Se oxidation.
RESULTS AND DISCUSSION

Shown in
XEOL of core/shell QDs in Fig. 2 (b) shows excitation photon energy dependent features with emission bands at 306, 415 and 605 nm. Excitation at the Cd K-edge generates the best optical luminescence while at the Zn K-edge the worst. This is possibly related to the competitive absorption by Zn from which the energy absorbed was not transferred to the luminescence chromophore effectively. It also reproduces the better surface passivation (strong interaction between surface dangling bond and capping agent [6] ) when compared with XEOL of core QDs (inset) which has more surface states involved in luminescence beyond 650 nm. Additionally XEOLs of core and core/shell QDs generate a unique luminescent band at 306 nm which has not been observed by PL. It means an effective UV de-excitation channel exists in these QDs, which could not be probed by low energy excitation. We speculate that a band-band transition or coexisted CdO [9] may contribute to this band. Se K-edge XANES of core and core/shell QRs monitored in transmission and zero order photon luminescence yield PLY mode are displayed in Fig. 3  (a) . The white line position in XANES of core QRs, which is capped by TDPA, blue shifts by ~2 eV more than similar size core QDs capped by TOPO shown in Fig. 2 (a) . It reflects the strong coupling by TDPA. The wider absorption peak in XANES of core QRs may result from the structural complexity as revealed in Fig. 1 . The XANES of core/shell QRs resemble the CdSe nanostructure capped by TOPO in terms of white line position. Just like for their QDs counterpart, the adopted technique provides a unique route to probe the materials' electronic structure and its relationship with the surface environment. Finally XANES of core and core/shell QRs in PLY mode present an inverted feature at the Se K-edge. This feature indicates that the excitation channel does not couple with the luminescence channel effectively at the edge and is a feature of XEOL's site specificity. XEOL of core QRs in Fig 3b also shows the photon energy dependent feature. Other than the similar UV band at 306 nm, it also exhibits complex blue-green range luminescence when excited at 1400 eV. This luminescent band also can be observed as a shoulder in the PL spectrum in Fig. 1 . The origin of these features awaits further investigation but it could be of a ligand origin and gets enhanced with UV and soft x-ray excitation.
In conclusion, from XANES and XEOL studies we found that the Se environment in core/shell QDs and QRs is much closer to that of core QDs being capped by the weak coupling ligand, TOPO, than a strong ligand like OAD. Several notions emerge: (a) surface capping ligand in the core shell is TOPO instead of the conventionally assumed ODA, (b) either a ZnSe thin shell can completely separate the core from the surroundings or the ODA, TDPA capped nanostructure has a different lattice structure, (c) The surface passivation effect increases following the order of TOPO, ODA then TDPA and (d) XEOL of CdSe nanostructures is photon energy dependent, which also reveals an UV band and more detailed information in the blue-green luminescent band. Further investigation is now underway.
